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INTRODUCTION.
Maneuverability is critical to the movement of animals in their natural environment. Turning represents a basic maneuver that is particularly relevant to predator-prey interactions and obstacle avoidance. To begin to understand the mechanisms by which birds achieve and control aerial turns, we examine the role of body rotations in relation to aerodynamic force production to alter the flight trajectory, or path of travel, during turns. More specifically, we ask whether body rotations serve to redirect aerodynamic forces during low speed 90° level turns in pigeons.
The three dimensional (3D) nature of flight requires analyses of aerodynamic force production in relation to body motions not only in a global reference frame, but also in a local, body reference frame (Fig. 1) . The global frame allows for application of Newton's laws of motion, which for a flying bird means that the resultant of aerodynamic and gravitational forces can be estimated from accelerations of the whole body center of mass (CM). However, the bird's torso moves relative to the CM, primarily due to the time-varying wing configurations during the wingbeat cycle. Therefore, localization of the CM cannot rely solely on the torso, but requires detailed assessment of the motions of the head and wings as well. The body frame corrects for the displacements and rotations of the torso, allowing for analyses of head and wing motions and forces relative to the body, which subsequently can be related to underlying musculoskeletal and sensorymotor function. The combination of global and local frames therefore can reveal how aerodynamic force production is coordinated with a bird's 3D body orientation, or body angular position, during aerial turns. There are two major reasons for animals to change their body orientations during turns: 1) to reacquire their preferred body orientation for forward movement, and 2) to alter the direction of propulsive force needed to change their movement trajectory.
Bilaterally symmetric animals have body plans that are best suited for forward locomotion with a particular 3D body orientation (1) . Consequently, this preferred body orientation must be reacquired during a turn to move along the new movement trajectory.
Additionally, body rotations must also occur to redirect the animal's propulsive turning forces, if these forces are directionally constrained within the animal's body frame.
Redirecting resultant forces in the global frame due to changes in body orientation is referred to as force vectoring (Figure 1 ). In fact, flying insects have been argued to turn primarily by force vectoring, meaning that the majority of the redirection of aerodynamic forces is based on changes in body orientation, and not on changes in the direction of aerodynamic forces relative to the insect's body (2) .
Even though quantifying the time-varying aerodynamic forces produced during flapping flight is challenging, estimates of aerodynamic force production during flight maneuvers have been made in insects (4-7). Turning calliphorid, muscid and drosopholid flies support the use of force vectoring as a means to redirect aerodynamic force, as the aerodynamic forces produced by their wings operate within a limited range relative to their bodies. Most of the redirection of aerodynamic force within the body frame occurs within the animal's mid-sagittal plane, varying over a range of merely 20°; although fruit flies also generate moderate lateral forces with respect to their body. Notable exceptions are hover flies (Syrphidae), which seem to achieve a wider variation in aerodynamic force orientation relative to their body (8, 9) , though these findings have been questioned (7) .
Vertebrate fliers also appear to have a limited ability to redirect aerodynamic force relative to their body. Horseshoe bats, fruit bats, pigeons and rose-breasted cockatoos roll during aerial turns (10) (11) (12) (13) , indicating that they likely rely on force vectoring to turn. Fruit bats rotate their bodies in the direction of the turn in addition to rolling, increasing their centripetal acceleration (13) . Finally, pigeons appear to redirect aerodynamic forces to accelerate after flight take-off and brake prior to landing by pitching movements of their bodies (14) .
Here, we ask whether pigeons redirect aerodynamic forces (in the global frame) by redirecting aerodynamic forces relative to their body ( Fig. 1A) , or by rotating the body itself ( Fig. 1B) . Given the constrained musculoskeletal and stereotypical kinematic features of the avian wingstroke (15) (16) (17) (18) , we hypothesize that pigeons generate aerodynamic forces in a uniform direction relative to their body (i.e. in the body frame), necessitating the use of force vectoring to turn ( Fig. 1B) . To test this hypothesis, we used high-speed videography to obtain 3D positions of body markers of pigeons performing low speed, 90º level turns within a netted, 10m long, square-corner corridor ( rotation that redirected the average aerodynamic force was mathematically separated from the component of the 3D body rotation that had no effect on the direction of the average downstroke force. This approach allowed any 3D body rotation to be decomposed into two complementary body rotation fractions, one that redirected and one that rotated about the downstroke average aerodynamic force ( Fig. 6 ). origin of these forces and any force components that cancel out internally, however, cannot be identified by this method.
RESULTS
Pigeons turn with an aerodynamically active upstroke. Throughout the 90 o turn the pigeons produced aerodynamic forces during the upstroke as well as the downstroke (Fig. 2, 4 ). In the global frame, aerodynamic forces were directed vertically to support the pigeon's body weight and horizontally to change its flight trajectory during the turn (Fig. 2 ).
Substantial body rotations occur about all three anatomical axes. The 3D
body rotations of the turning pigeons consisted of substantial roll, pitch and yaw components, defined as rotations about the antero-posterior (along the spine), the mediolateral and dorso-ventral body frame axes, respectively (19) ( Table 1 ; Fig. 1 ). During the turn, body rotations oscillated back and forth within wingbeats, but led to net changes in body orientation between successive wingbeats. The pigeons' 3D body rotations predominantly consisted of roll, both continuously and on a net wingbeat basis; although pitch and yaw components were also substantial ( Table 1 ). Over the course of a turn, early wingbeats rolled the pigeons into the turn, with subsequent wingbeats producing net roll rotations out of the turn. In contrast, net wingbeat rotations about the pitch and yaw axes were directed upwards and into the turn, respectively, throughout turning.
Oscillations of body rotations within wingbeats were larger in pitch and roll (16 + 5 and Decomposition of successive wingbeat 3D body rotations revealed that early in the turn body rotations of the pigeon mainly redirected downstroke-averaged aerodynamic forces, reflecting anatomical constraints on the direction of aerodynamic force production.
However, later in the turn body rotations mainly served to reorient the bird's body for straight flight, and had little effect on the direction of aerodynamic force production.
DISCUSSION.
Using an analytical approach based on high-speed 3D kinematics and detailed body mass distributions, we determined the time-varying net aerodynamic forces produced by slowly flying pigeons as they negotiated 90 o level turns ( Fig. 2) . We identified the tip-reversal upstroke as aerodynamically active (Fig. 2, 4B ), indicating its role for increased power production and control of body position. Net aerodynamic forces were produced in a uniform direction within the pigeon's body frame, requiring that changes in flight trajectory be mediated by body rotations that redirect aerodynamic force in the global frame ( Fig. 5 ). Consistent with our hypothesis, the overall turning strategy consisted of force vectoring to change the pigeon's flight trajectory, followed by reacquisition of the bird's preferred body orientation for forward flight (Fig. 6 ).
Substantial rotations occurred about all three anatomical axes indicating that 1) pigeons are not restricted to a particular anatomical axis to change their body orientation, and 2) body rotations function to redirect net aerodynamic forces as needed to negotiate the turn (Table 1) . That body rotations occurred mainly about the birds' roll axis does not necessarily reflect a preference for this axis, but may simply reflect the birds' body Net Aerodynamic force magnitude (|F|) varied consistently, with minima and maxima occurring at wingbeat phases as predicted by aerodynamic theory (21) , across all individuals and trials. The average net aerodynamic force per wingbeat was greater than one BW because turning birds need to accelerate themselves to redirect their flight trajectory, as well as offset their weight due to gravity. The small negative peak in |F|, opposing the stroke-averaged aerodynamic force, may well reflect an aerodynamic consequence of strong supination of the wings near the downstroke-upstroke transition (22) .
Positive aerodynamic force during the upstroke coincided with wing tip-reversal ( Fig. 4B, left silhouette) . During an upstroke with tip-reversal, the elbow and wrist are flexed, and the hand-wing is supinated, causing it to be inverted. Elbow and wrist flexion effectively moves the point of wing rotation from the shoulder during the downstroke towards the wrist during the upstroke, facilitating the upward 'back flick' of the handwing. This tip-reversal mechanism is found in the slow to intermediate flight of birds with relatively pointed wings, as well as some birds with rounded wings (22) (23) (24) , and bats (10, (25) (26) . The functional significance of wing tip-reversal has been the subject of debate since the pioneering work of Brown (27) , and has been proposed by others in prior studies of avian flight to be aerodynamically active (10, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . Until now, however, aerodynamic force production of the tip-reversal upstroke had not been convincingly The consistent force patterns observed here across wingbeats of all three pigeons provide the first definitive evidence for upstroke aerodynamic force production during slow flight in birds larger than hummingbirds (Fig. 2, 4 ). Useful contributions of an active tip-reversal upstroke to weight support can therefore be expected during other modes of flight where tip-reversal is present, such as hovering, landing and steady slow flight. This is reinforced by the fact that we observed no significant differences in upstroke force patterns across the five wingbeats during which birds entered, executed and left the 90° turn. Aerodynamic force generation by the tip-reversal mechanism also agrees with recent force measurements of pigeon wings spun like a propeller, while positioned in an upstroke configuration (35).
Although maximum F during the upstroke reached 50% of maximum F during the downstroke (Fig. 4) , the upstroke generated only 27 + 4% of the downstroke impulse.
The smaller impulse of the upstroke reflects its shorter period (42% of the wingbeat duration), as well as the opposing aerodynamic force production relative to weight support early in the upstroke (Fig. 4B ). In a comparative context, the relative contribution of upstroke aerodynamic force to total impulse in pigeons is nevertheless surprisingly high. Hummingbirds operate at temporal and spatial scales similar to insects (2), and, until recently, were thought to share weight support between the two halves of the wingbeat (36) . However, hovering rufous hummingbirds generate only 33% of the downstroke impulse during upstroke ((37), based on wake measurements). With an upstroke that generates 27% of their downstroke impulse, pigeons achieve a similar impulse distribution to that found in rufous hummingbirds, which is remarkable since hummingbirds are thought to have evolved a highly derived upstroke (38) .
Our hypothesis that pigeons produce aerodynamic forces in a uniform anatomical direction is also clearly supported (Fig. 5 ). Aerodynamic Forces. The position of the net CM was approximated throughout the turn using a mass-distribution model of the body and tail, head, and wings (Fig. 3) .
The torso and tail were represented by a single point-mass, because the effect of tail movements on net CM were assumed to be minor and are difficult to model. The head and 14 chord-wise strips per wing were modeled as point-masses, with time-varying positions based on segment kinematics (Fig. 3) . The two wings together constitute (Fig. 6A,B ). 
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